Abstract We identified marine fish species most preferred by women at reproductive age in Selangor, Malaysia, mercury concentrations in the fish muscles, factors predicting mercury accumulation and the potential health risk. Nineteen most preferred marine fish species were purchased (n = 175) from selected fisherman's and wholesale market. Length, weight, habitat, feeding habit and trophic level were recognised. Edible muscles were filleted, dried at 80°C, ground on an agate mortar and digested in Multiwave 3000 using HNO 3 and H 2 O 2 . Total mercury was quantified using VP90 cold vapour system with N 2 carrier gas. Certified reference material DORM-4 was used to validate the results. Fish species were classified as demersal (7) and pelagic (12) or predators (11), zoo benthos (6) and planktivorous (2). Length, weight and trophic level ranged from 10.5 to 75.0 cm, 0.01 to 2.50 kg and 2.5 to 4.5, respectively. Geometric mean of total mercury ranged from 0.21 to 0.50 mg/kg; maximum in golden snapper (0.90 mg/kg). Only 9 % of the samples exceeded the JECFA recommendation. Multiple linear regression found demersal, high trophic (≥4.0) and heavier fishes to accumulate more mercury in muscles (R 2 = 27.3 %), controlling for all other factors. About 47 % of the fish samples contributed to mercury intake above the provisional tolerable level (45 μg/ day). While only a small portion exceeded the JECFA fish Hg guideline, the concentration reported may be alarming for heavy consumers. Attention should be given in risk management to avoid demersal and high trophic fish, predominantly heavier ones.
Introduction
Mercury (Hg) is the 16th rarest element on Earth (Faial et al. 2015) and a ubiquitous pollutant (Llop et al. 2014) . Mercury pollution can occur when Hg is released into air, water and soil following improper disposal of products containing Hg (Peng et al. 2015) . As a global pollutant, Hg has received considerable attentions due to its neurological toxicity, persistent, bio-accumulative natures and the potential for long-range atmospheric transport (Peng et al. 2015; Liu et al. 2014; WHO 2008) .
The main route of Hg exposure among adults is ingestion of aquatic organisms, predominantly seafood that includes fish, marine mammals and shellfish (Castaño et al. 2015; Morisset et al. 2013; WHO 2008) . Fish is an excellent lowfat protein source that lowers blood cholesterol, reduce incidence of heart disease, stroke and pre-term delivery as well as improve child's cognitive test performances (Mieiro et al. 2016; Velusamy et al. 2014; Schoeman et al. 2010; Oken et al. 2008) . On the other hand, fish consumption is also the major source for Hg exposure compared to all other aquatic foods, particularly among population with no occupational exposure (Zaza et al. 2015) . Fetus and children as Responsible editor: Philippe Garrigues * Pravina Jeevanaraj dvina211@gmail.com well as pregnant, lactating and reproductive aged women are population at utmost risk. Malaysians rely on marine fish as their main source of animal protein and in fact the highest consumers in Southeast Asia, both in terms of per capita intake and percentage of protein (Teh 2012) . Ahmed et al. (2011) reported that the annual per capita fish consumption increased from 49 kg in 2000 to 53 kg in 2005. Ministry of Health (MOH) Malaysia reported that average Malaysian consume 59-62.5 kg/year of marine fish annually, a trend which is increasing over the years (MOH 2010; Hajeb et al. 2009 ).
Despite being the main protein source, certain marine fish purchased from local markets or caught from coastal water of Malaysia contained considerable amounts of Hg (Ahmed et al. 2011; Hajeb et al. 2009; Agusa et al. 2005b; Yap et al. 2003) . Thus among high-end consumers of marine fish, there would be an increased exposure risk.
Nevertheless, the species preferred is of concern, as community preferring fish accumulating more Hg tends to be at higher exposure risk. Assessing fish characteristics revealed that body size is an important factor for Hg accumulation; longer and heavier fish accumulates more Hg (Bosch et al. 2016; Ahmad et al. 2015) . In addition, carnivorous fish accumulate more Hg than non-carnivorous ones (Ahmad et al. 2015 ; Eagles-smith and Ackerman 2014; Taylor et al. 2014; Tao et al. 2012; Burger and Gochfeld 2012; Vieira et al. 2011; WHO 2008; Storelli 2008) .
A worth mentioning point is that separate assessment of these contributing factors may overlook the confounding effect of one factor on another. For instance, fish of higher trophic tend to be carnivores while longer fish are most likely bigger and heavier ones. Thus, for risk management purpose, identifying the significant predictors after controlling for all other factors is more apt. In this paper, we aimed to (i) identify the marine fish most preferred by Malaysian women at reproductive age; (ii) quantify the total Hg concentration in the marine fish muscles; (iii) model the factors predicting Hg accumulation in the fish muscles and (iv) estimate the potential health risk.
Methodology Sampling
The study was conducted in Selangor, the most populous state of Malaysia (5.46 million) with high level of urbanization (91.4 %) (DOS 2011). Marine fish preference was enquired through a survey among women at reproductive age. Species preferred by at least 5 % respondents were purchased from selected fish markets based on the close proximity to community survey location (Fig. 1) . The markets included wholesale market of the Fisheries Development Authority of Malaysia (LKIM) and Fishermen's Market which was created as an alternative channel to provide opportunities for fishermen to market their catch directly to consumers.
Transportation and storage
Fish samples were delivered to laboratory in an igloo box filled with ice. In laboratory, the length and weight of each sample were measured after which the sample was transferred into a polyethylene bag with label for temporary storage at +4°C (Qiu et al. 2009 ).
Analytical method
Analysis was conducted at the Laboratory of Vaccine and Immunotherapeutic (LIVES), Institute of Bioscience, University Putra Malaysia.
Reagents
Stock standard solution, 1000 mg/l, was procured from Perkin Elmer. Ultrapure water, 18.2 MΩ cm (Elga PURELAB Ultra) was used for sample preparation and cleaning of glassware. Glassware were rinsed with water and soaked in nitric acid (HNO 3 ) 10 % v/v overnight before being rinsed again and dried overnight at 60°C in an oven.
Instrumentation
The digestion was carried out using Multiwave 3000 with high-performance Rotor 8NXQ80 (Anton Paar® GmbH, Graz, Austria). Quantification of the analyte was carried out using VP90 Continuous Flow Vapour System of ThermoFisher Scientific with D2 Quadline background correction. This hydride vapour generator creates volatile hydrides of the analyte which would be decomposed to atoms in an optical cell. The microwave heating programs and VP90 operating conditions are given in Table 1 .
Sample preparation
The edible muscle was filleted. Internal organs, head and tail were removed because these parts are not consumed in general by Malaysian. Cleaned fish muscles were dried at 80°C until constant weight was obtained (Heidary et al. 2012; Price 2012; Mortazavi and Sharifian 2011 ). The dried samples were then ground on an agate mortar to obtain fine homogeneous powder (Ahmad et al. 2015; Mortazavi and Sharifian 2011; Hajeb et al. 2009 ).
Sample digestion
BDried fish powder (0.5 g) was weighed accurately into quartz vessel into which, 5.0 ml of HNO 3 65 % and 2.0 ml of hydrogen peroxide (H 2 O 2 ) 30 % were added. The vessels were then sealed and placed into the rotor for digestion. After digestion process, samples were filtered through Whatman qualitative filter paper^(Ahmad et al. 2015) into 50 ml volumetric flasks and diluted with ultrapure water. The analytical reagent blanks were prepared in the same manner but without fish powder.
Quantification
Sub-stock solution of 10 mg/l was prepared by diluting 1000 mg/l stock solutions with 25 % v/v HCl. Working Hg standard solutions were prepared by further dilution of the sub-stock standard solution. Linear equation was obtained by plotting the peak area against concentration of standards at six calibration points in the range of 0-10 μg/l. The resulting peak area of the sample was replaced in the linear equation to obtain the corresponding concentration which was later adjusted to dilution factor and sample mass.
Quality control
Sample preparation was validated to ensure credibility of the data in quantitative analyses. Factors considered were the determination coefficient (R 2 ) and linearity, recovery, precision, limit of detection (LOD) and limit of quantification (LOQ). The R 2 was greater than 0.995 for all calibration curves; hence, there were precise linear relationships between concentration and the corresponding peak area (Eka et al. 2012; Olmedo et al. 2013) . The recovery was checked using DORM 4 (0.5 g) fish muscles giving an average recovery of 94.21 % (SD = 3.44). Precision on the other hand was measured from replicates, six times under repeatability conditions and six times at two different days under reproducibility conditions (Psoma et al. 2014) giving a value of 4.1 and 5.6 % respectively. Recoveries in GM geometric mean a Source: adapted from Ahmad et al. (2015) and FishBase Information (2015) b Weight is constant (Shrivastava and Gupta 2011) . The value was 0.27 μg/l for the former and 0.55 μg/l for the later.
Calculation and statistics
The data were analysed using International Business Machine Statistical Package for Social Sciences (IBM SPSS) version 21. Total mercury concentration was log transformed due to violation of normality assumption. Daily Hg provisional tolerable and ingestion dose (Agusa et al. 2005b) were calculated using Malaysian annual fish consumption, 54 kg/year (Teh 2012) , average body weight, 63 kg (Azmi et al. 2009 ) and WHO's provisional tolerable weekly intake (PTWI) for THg, 5 μg/kg-bw (Storelli 2008; WHO 2008) . The calculation formulas are as following:
Daily tolerable dose
where C total mercury concentration in fish muscles (μg/g)
Results
Nineteen species were preferred by at least 5 % of the respondents (Fig. 2) . Indian mackerel (55.0 %) and torpedo scad (31.6 %) were the most preferred ones. At the lowest end, at least 5 % of the women preferred silver whiting, wolf herring, flathead grey mullet and golden snapper. A total of 175 fish samples were purchased. Table 2 gives the habitat, feeding habit, names, trophic level, number samples and body size measurement range of the fish species along with the THg concentration detected in muscles.
Habitat
There were seven demersal fish species (sin croaker, golden snapper, areolate grouper, Japanese threadfin bream, red snapper, pale-edged stingray and giant perch) and 12 pelagic fishes (black pomfret, white pomfret, silver whiting, flathead grey mullet, torpedo scad, Indian mackerel, yellow-banded scad, Indian scad, fourfinger threadfin, Spanish mackerel and eastern little tuna).
Feeding habit
There were 11 predators (torpedo scad, sin croaker, golden snapper, areolate grouper, Japanese threadfin bream, red snapper, wolf herring, fourfinger threadfin, giant perch, Spanish mackerel and eastern little tuna), six zoo benthos (black and white pomfrets, silver whiting, Indian mackerel, pale-edged stingray and yellow-banded scad) and two planktivorous (flathead grey mullet and Indian scad).
Trophic level
Trophic levels were classified as low (<3.0), moderate (3.0 to <4.0) and high (≥4.0). There were two species of low trophics, mullet and black pomfret, ten of moderate trophics and seven of higher trophics. Higher trophic fish were giant perch, fourfinger threadfin, golden snapper, torpedo scad, Dorab wolf herring, Spanish mackerel and eastern little tuna.
Body size measurement
Fish length varied from as small as 10.5 cm (yellow-banded scad) to as big as 75.0 cm (Dorab wolf herring). Small-sized fish with length up to 20 cm were white pomfret, silver whiting, flathead grey mullet, sin croaker, Indian mackerel, Japanese threadfin bream, yellow-banded scad, Indian scad and pale-edged stingrays. Medium-sized fish with length 20-40 cm were black pomfret, eastern little tuna, golden snapper, grouper, red snapper, four-finger threadfin, giant perch and torpedo scad. Large fish with length greater than 40 cm were wolf herring and Spanish mackerel. The weight of the fish ranged from as low as 10 g (yellow-banded scad) to as high as 2.5 kg (Spanish mackerel).
Total mercury in fish muscles
Geometric mean (GM) concentration ranged from 0.21 to 0.30 mg/kg for giant perch, white pomfret, black pomfret, Indian mackerel, Indian scad, mullet and yellow-banded scad; 0.31 to 0.40 mg/kg for silver whiting, grouper, sin croaker, torpedo scad, four-finger threadfin, Japanese bream, red snapper, pale-edged stingray, eastern little tuna, wolf-herring and Spanish mackerel; 0.50 mg/kg for golden snapper. The overall GM was 0.31 mg/kg with a maximum concentration of 0.90 mg/kg found in golden snapper. The total Hg concentrations of the 175 samples were compared with the guideline recommended by joint FAO/WHO Expert Committee on Food Additive (JECFA), 0.5 mg/kg, indicated by the solid line in Fig. 3 . Sixteen fish samples (9.0 %) had THg exceeding the recommendation: four of Spanish mackerel (40 %) and golden snapper (50 %), three of torpedo scad (27.3 %), two of four-finger threadfin (18.2 %) and one each of pale-edged stingray (16.7 %), sin croaker (14.3 %) and red snapper (14.3 %).
Association between fish characteristics and mercury accumulation
The association between Hg concentration and characteristics of fish (length, weight, trophic level, habitat and feeding habit) are given in Table 3 . There were significant, moderate and positive correlations between log THg and length, r(175) = 0.387, p = 0.003; weight, r(175) = 0.355, p < 0.001 as well as trophic level, r(175) = 0.376, p < 0.001, tested with Person product moment correlation.
An independent sample t-test was used to compare log THg between fish of different habitat. Demersal fish accumulated significantly higher Hg (GM THg = 0.34 mg/kg) as compared to pelagic (GM THg = 0.30 μg/g), t(173) = 2.403, p = 0.017. Also, a one-way ANOVA showed a significant difference in Hg concentrations between fish of various feeding habit, F(2,172) = 16.178, p < 0.001. A Dunnett T3 post host test further revealed that predatory fish accumulated significantly higher Hg (GM THg = 0.35 μg/g; p < 0.001) as compared to zoobenthos and planktivorous, both with GM = 0.27 mg/kg.
Simple linear regression
Simple linear regressions (SLRs) were calculated to predict log THg concentration in fish muscles based on each characteristics; fish body size (length and weight), trophic level, habitat and feeding habit. Feeding habits (Planktivorous, Zoobenthos and Predatory) were re-categorized as NonPredatory and Predatory due to insignificant mean difference between the first two. Both continuous and categorized trophic levels (low, moderate and high) were used to identify equation of better fit. Log THg followed normality assumption. There was a linear relationship between log THg and length, weight as well as trophic levels as shown in Fig. 4a-c . 
Multiple linear regression
Two stepwise multiple linear regressions were calculated to estimate the contributions of each predictive variable towards log THg in fish muscles (Table 5 ). The first regression used length as body size measurement while the second used weight. Significant regression equations were obtained: F(2,172) = 29.393, p < 0.001 for the former and F(2,172) = 21.360, p < 0.001 for the latter. Table 5 shows that habitat and high trophic level were the significant predictors for the first model whereas weight, habitat and high trophic level were the significant predictors for the second model. The adjusted R 2 indicates that 25.5 and 27.3 % of variation in log THg in fish muscles were explained by models 1 and 2 respectively. Adding weight into the model increased the R 2 significantly by almost 2 %.
Model 2 was selected due to better fitting. The interaction between weight and habitat, weight and trophic level as well as habitat and trophic level was checked; signified no interaction. Multicollinearity was checked using variance inflation factor (VIF); the values found were <10 for all three variables; hence, there were no problems of multicollinearity. Model assumptions were checked which included linearity/overall fitness and equal variance, normality of unstandardized residue and linearity between residuals and independent variable. The assumptions were all met as given by Appendix Figures 6, 7 Log THg in fish muscles increased 0.057 for each kilogram increase in weight. The mercury concentration in fish muscles vary in ascending order from pelagic lower trophic < demersal lower trophic < pelagic high trophic < demersal high trophic fishes.
Estimation of potential health risk
Risk was estimated based on fish types: demersal-high trophic, pelagic-high trophic, demersal-lower trophic and pelagic-lower trophic. Overall 47 % of the marine fish contributed to Hg ingestion exceeding the guideline which was 22.8 % (18/79) of pelagic lower trophic, 75.8 % (25/33) of demersal lower trophic, 70.5 % (31/44) of pelagic high trophic and 47.4 % (9/19) of demersal high trophic fish. Daily Hg ingestion dose based on the concentration and fish consumption rate (148 g/day) shows that, except pelagic-lower trophic fish, all other fish types had average daily Hg ingestion dose equal or greater than the tolerable dose (45 μg/day) (Fig. 5) .
Discussion Most preferred marine fishes
Indian mackerel and torpedo scad were the most preferred species followed by Indian scad, yellow-banded scad, eastern little tuna and Japanese bream. Close to this, Siti Aminah et al. (2013) who conducted research in Klang Valley, an area analogy to Selangor, found that Indian mackerel (76.5 %), scads (46.7 %), pomfrets (40.1 %) and breams (37.9) were the most preferred fish species. Ahmad et al. (2015) reported that 70.9 % respondents' preferred Indian mackerel to all other seafood followed by 26.2 % yellow-banded scad and 22 % pomfrets as well as eastern little tuna. Overall, Malaysian prefers Indian mackerel and scads to other fishes.
Past researches revealed Hg accumulation to show a discrepancy in relation to length, weight and age of fish as well as feeding habit and habitat (Alina et al. 2012; Hajeb et al. 2009; Agusa et al. 2005b; Storelli 2008; Storelli et al. 2002) . The preferred fish which were of 
Mercury concentration in muscles
The GM THg concentration in fish muscles found in this study were in good agreement with median values reported by Ahmad et al. (2015) Previously available researches reported mixed results for percentage exceeding guideline. For instance, Ahmad et al. (2015) reported that most of the marine fish analysed did not exceed the Malaysian and JECFA guideline of 0.5 mg/kg. In the study, 83.7 % fish had very low levels, followed by 10.1 % low, 4.2% medium and only 1 % high levels. Alina et al. (2012) reported that THg concentrations in all 45 fish sampled from 10 fish landing areas along the Straits of Malacca were lower than 0.5 mg/kg. Likewise, Hajeb et al. (2009) reported that Hg concentrations in marine fish were well below the permissible levels. The variation may be attributed to the geographical location of fishing region, suggesting that different regions have varying degrees of contamination. This can be explained by ecological factors such as season, place of development, nutrient availability, temperature and salinity of the water that contribute to the inconsistencies in Hg concentration (Ahmad et al. 2015; Alina et al. 2012; Tuzen 2003; Clearwater et al. 2002) .
The THg concentrations in fish samples found in the present study and few related studies in Malaysia (Ahmad et al. 2015; Hajeb et al. 2009; Agusa et al. 2005b) were lower compared to findings reported by Bravo et al. (2010) , Cheng et al. (2009) and Castilhos et al. (2006) . These studies examined Hg contamination in fish from waterways of heavy industrial loads such as gold mining areas (Castilhos et al. 2006) , reservoir contaminated by chloralkali plant (Bravo et al. 2010) and from the coast of the East China Sea that is subjected to intense industrial and commercial development beside China reserving the third rank in the world for rich in Hg (Cheng et al. 2009 ).
Yet, THg concentrations found in the present study were higher than that reported for fish from Atlantic sea, Morocco with THg in the range of 0.049-0.194 μg/g (Chahid et al. 2014) . Liu et al. (2014) reported that THg concentrations in the fish muscles from South China Sea were 0.094 ± 0.008, far below than the JECFA limit. Agusa et al. (2005a) reported that 3 % of marine and freshwater fish from Cambodia exceeded the JECFA guidelines. These suggest that the Straits of Malacca receive considerable Hg loading from other sources possibly from shipping activities.
Factors predicting mercury accumulation in fish muscles
Fish acquire Hg through feeding. The variations in Hg concentrations in fish samples could be caused by body size, age, feeding habits, habitat, distribution and seasonal variation (Velusamy et al. 2014; Taylor et al. 2014; Burger and Gochfeld 2011) . We found positive relationships between Hg in fish muscles and fish body size (length and weight) as well as trophic level. In addition, GM THg was significantly higher for predatory fish as compared to that of planktivorous and zoobenthos and demersal fish as compared to pelagic. Vieira et al. (2011) revealed that length was the major influencing biometric factor for Hg accumulation. Kwaansa-Ansah et al. (2011) observed good correlations between Hg concentration and total length (R 2 = 0.8754) as well as fresh weight (R 2 = 0.6067). Fish sampled from Malaysian coastal water too gave significant positive correlations between Hg and total length as well as weight (p < 0.001) (Agusa et al. 2005b ). The THg concentration ranged from well below the maximum allowable limit in smaller-sized fish to levels substantially above the limit in larger, older fish (Bosch et al. 2016) .
The length of fish is a reliable parameter for age estimates. Larger fish that are also heavier and older ones would have consumed more prey, and thus accumulated higher levels of Hg. Also, Hg detoxification rate appears negatively correlated with fish size (Bonsignore et al. 2013) because the lipophilic Hg is efficiently absorbed but only slowly excreted resulting in bioaccumulation as the fish grow (Liu et al. 2014) .
Instead, a study by Faial et al. (2015) reported no correlation between Hg levels in fish muscles and fish length as well as weight. The absence of statistically significant correlation could be explained by the fact that these species probably belonged to the same age classes (Faial et al. 2015) .
Mercury concentrations in pelagic fish were lower comparatively as these species live near to the surface of water that has less heavy metal concentration and believed to live mostly on feeding plankton and water plants (Alina et al. 2012; Fisheries Research Institute 2004) . The lowest THg was found in the muscle tissue of sardine that feeds mainly on water plants and planktons (Agusa et al. 2005b) .
Large predators are at the top of aquatic food chains, thus accumulate large amounts of metals (Storelli et al. 2002) , explaining the high Hg concentration in snapper, wolf herring and Spanish barred mackerel in this study. Faial et al. (2015) reported that Hg concentrations were higher than permitted in carnivorous species (mean = 0.66 μg/g; range 0.30-0.98 μg/g), while the non-carnivorous had values below the recommendation (range 0.02-0.44 μg/ g). Benefice et al. (2010) also found that piscivorous and carnivorous fish had higher Hg concentration (0.43 μg/g wet wt and 1.22 μg/g wet wt respectively) compared to herbivorous fish (0.078-0.094 μg/g wet wt). Similarly, Zaza et al. (2015) , Bonsignore et al. (2013) , Olmedo et al. (2013) , Kenšová et al. (2012) and Hajeb et al. (2009) found high THg is muscle tissues of predatory fish.
Multiple linear regressions gave demersal, high trophic and heavier marine fish to accumulate more Hg. The mercury content in fish tissues increased with habitat depth, with highest values measured in demersal species (Bonsignore et al. 2013 ). Feeding habit and trophic level are allied attributes. Species of higher trophic are also species that feed on other organism at lower trophic, indirectly reflecting the predatory type. Jayasooryan et al. (2011) found a maximum Hg concentration in Caranx affinis (2.26 μg/g), a typical predator and higher trophic fish. In addition, Burger and Gochfeld (2011) explained that size (either length or weight alone or as an interaction variable) was the most significant factor contributing to variations in Hg.
The R 2 value suggests that 27 % variation in THg concentration explained by the predictors which was a medium to large effect (Cohen 1988) . The distribution of Hg in fish depends, inter alia, on the degree of contamination of the monitored site (Kenšová et al. 2012) . Environmental factors such as Hg loading rates, pH, DOC, temperature and anoxia are other potential determinants (Velusamy et al. 2014; Boudou et al. 2005; Watras et al. 1998) . Modelling contamination using fish characteristics in conjunction with environmental parameters will improve the regression equation and its overall fit, consequently improving the risk management strategies.
Potential health risk
Almost half samples caused Hg ingestion exceeding the provisional tolerable intake. Similarly, Agusa et al. (2005b) reported that Hg contamination in fish consumed by Malaysian exceeds the guidelines in almost half fish samples. However, Hajeb et al. (2009) reported a lower dose in line with the contamination level reported. The health risk of Hg exposure was greater for demersal and high trophic fish. Demersal fish that are likely to be benthic exposed to sediment-bound mercury (Kwaansa-Ansah et al. 2011 ). In addition, as Hg bioaccumulates up the food chain, higher trophic fish often accumulate Hg close to or exceeding the maximum limit (Bosch et al. 2016) . Therefore, consumption of these species at the given rate would post health risk at worrying level.
Conclusions
Most marine fish had THg in muscles below the recommendation, though fish that are of predatory/high trophic and demersal contained significantly higher Hg concentration in muscle tissue. The level of Hg in fish depends on the food they consumed, their life span or size and the location of the species in food chain. However, after adjusting to confounding effects of one another, demersal fish of higher trophic and increased weight accumulated more Hg as far as fish characteristics are concerned and should be warned from consumption by sensitive population. Figure 8 Relationship between residuals and independent variable-fish weight (kg) Figure 7 Residual normality Figure 10 Relationship between residuals and independent variable-trophic level Figure 9 Relationship between residuals and independent variable-habitat
